Neutron activation of natural zinc samples at kT = 25 keV by Reifarth, R. et al.
ar
X
iv
:1
31
0.
16
81
v1
  [
as
tro
-p
h.I
M
]  
7 O
ct 
20
13
APS/123-QED
Neutron activation of natural zinc samples at kT = 25 keV
R. Reifarth,1 S. Dababneh,2 M. Heil,3 F. Ka¨ppeler,4 R. Plag,1 K. Sonnabend,1 and E. Uberseder5
1Goethe Universita¨t Frankfurt, Frankfurt a.M, 60438, Germany
2Department of Physics, Faculty of Science, Al-Balqa Applied University, P.O. Box 2587, Amman 11941, Jordan
3GSI Helmholtzzentrum fu¨r Schwerionenforschung GmbH, Darmstadt, 64291, Germany
4Karlsruhe Institute of Technology, Campus Nord,
Institut fu¨r Kernphysik, 76021 Karlsruhe, Germany
5University of Notre Dame, Department of Physics, Notre Dame, Indiana, USA
(Dated: July 23, 2018)
The neutron capture cross sections of 64Zn, 68Zn, and 70Zn have been measured with the activation
technique in a quasi-stellar neutron spectrum corresponding to a thermal energy of kT = 25 keV. By
a series of repeated irradiations with different experimental conditions, an uncertainty of 3% could be
achieved for the 64Zn(n, γ)65Zn cross section and for the partial cross section 68Zn(n, γ)69Znm feeding
the isomeric state in 69Zn. For the partial cross sections 70Zn(n, γ)71Znm and 70Zn(n, γ)71Zng,
which had not been measured so far, uncertainties of only 16% and 6% could be reached because of
limited counting statistics and decay intensities. Compared to previous measurements on 64,68Zn,
the uncertainties could be significantly improved, while the 70Zn cross section was found two times
smaller than existing model calculations. From these results Maxwellian average cross sections were
determined between 5 and 100 keV. Additionally, the β-decay half-life of 71Znm could be determined
with significantly improved accuracy. The consequences of these data have been studied by network
calculations for convective core He burning and convective shell C burning in massive stars.
PACS numbers: 25.40.Lw, 26.20.+f, 27.40.+z, 27.50.+e, 97.10.Cv
I. INTRODUCTION
The signature of the s-process contribution to the solar
abundances implies two parts, a main component, which
is responsible for the mass region from Y to Bi, and a
weak component, which dominates in the region between
Fe and Sr. The main component can be assigned to low
mass stars with 1 ≤M/M⊙ ≤ 3, whereas the weak com-
ponent is related to massive stars with M ≥ 8M⊙ (M⊙
stands for the mass of the sun). Because of the much
shorter evolution times of massive stars, the s-process
enrichment of the Universe starts with the lighter s ele-
ments. Accordingly, the weak s process is important for
the early stellar populations and for Galactic chemical
evolution in general [1, 2].
The s process in massive stars occurs in two steps dur-
ing different evolutionary phases. Neutrons are mainly
produced by the 22Ne(α, n)25Mg reaction in both cases,
but at rather different temperatures and neutron densi-
ties. During core He burning, neutrons are produced near
core He exhaustion at temperatures of T=(2.5 - 3.5)×108
K for about 104 years with neutron densities . 106 cm−3,
whereas the higher temperatures of T=(1.0 - 1.4)×109 K
during the subsequent carbon shell burning phase give
rise to peak neutron densities of about 1012 cm−3 [3–5].
In the scenarios for the main and weak s process, the
stellar (n, γ) cross sections of the involved isotopes con-
stitute the essential nuclear physics input, but with an
important difference: The high neutron exposure during
the main component leads to equilibrium in the reac-
tion flow, expressed by the so-called local approximation
〈σ〉Ns = constant, which holds true for isotopes between
magic neutron numbers. This relation implies that the
emerging s abundances are inversely proportional to the
stellar cross sections and that the uncertainty of a par-
ticular cross section affects only the abundance of that
specific isotope. In contrast, the neutron exposure in
massive stars is too small to achieve flow equilibrium,
and this means that cross section uncertainties are not
only influencing the abundance of that particular isotope
but have a potentially strong propagating effect on the
abundances of the subsequent isotopes involved in the
s-process chain.
This propagation effect was first discussed for the
62Ni(n, γ)63Ni reaction [6] and later investigated for the
complete reaction chain of the weak s process [7–9]. Com-
putations with different choices for the Maxwellian aver-
aged cross sections (MACS) showed important bottle-
neck effects and the significant impact of crucial capture
rates near the Fe seed on the abundances of the subse-
quent isotopes in the reaction chain. Limitations in the
quality of stellar cross sections can, therefore, have se-
rious consequences for the contributions of the weak s
process to Galactic chemical evolution.
Stellar neutron capture cross sections in the mass re-
gion of the weak s process are often not available with
the required accuracy. In case of the Zn isotopes, exper-
imental data suffer from large uncertainties or are even
missing as for 70Zn [10, 11]. Therefore, a series of activa-
tion measurements has been performed at the Karlsruhe
3.7 MV Van de Graaff on natural Zn to improve the acces-
sible cross sections for 64,70Zn and for the partial cross
section of 68Zn. Because these isotopes have relatively
small cross sections of less than about 50 mb, they are
expected to give rise to large propagation effects in the
final abundance distribution.
2Apart from its propagation effect in the weak s process,
Zn is of general interest for Galactic evolution. Though
it is commonly accepted that Zn is produced by a variety
of scenarios the respective nucleosynthesis mechanisms
and their relative contributions are poorly understood.
Spectroscopic observations over a range of stellar metal-
licities (e.g. Refs. [12–14]) found indications of an over-
abundance of Zn compared to Fe in low-Z stars, but an
explanation for this excess appears premature in view of
the present uncertainties concerning the origin of Zn. In
massive stars, the s process component of the Zn isotopes
is obscured by the fact that measured neutron capture
cross sections are scarce, uncertain or even missing.
Experimental technique and measurements are de-
scribed in Sec. II, Secs. III and IV deal with data analysis
and results. Maxwellian average cross sections (MACS)
and the related astrophysical aspects are discussed in Sec.
V.
3II. MEASUREMENTS
A. Experimental technique
The activation method represents a well established
and accurate approach to determine MACSs at kT = 25
keV by producing a quasi-stellar neutron spectrum via
the 7Li(p, n)7Be reaction [15]. This method has been ex-
tensively used, mostly for measurements related to the
main s-process component (for examples see Refs. [16–
18]). In the present experiment, the proton beam with
an energy of Ep=1912 keV, 30 keV above the reaction
threshold, was delivered by the Karlsruhe 3.7 MV Van
de Graaff accelerator with typical intensities of 100 µA.
The neutron production targets consisted of 30 µm thick
metallic Li layers evaporated onto water cooled copper
backings. In this way, neutrons are kinematically colli-
mated into a forward cone of 120◦ opening angle. Neu-
tron moderation is avoided since cooling is achieved by
lateral heat conduction to the water flow outside of this
cone. Throughout the irradiations the neutron flux was
continuously monitored and recorded in time steps of typ-
ically 60 s by means of a 6Li-glass detector at 1 m dis-
tance from the target. This information is important to
account for fluctuations of the neutron yield in evaluating
the fraction of the reaction products that decay already
during the irradiations.
For a sketch of the experimental setup and more details
see Ref. [7] for example.
B. Samples and irradiations
In total, four activations were performed with three
metallic Zn samples 8 and 12 mm in diameter and 0.5
and 1 mm in thickness to minimize uncertainties stem-
ming from sample geometry (Table I). The samples were
sandwiched between 0.03 mm thick gold foils of the same
diameter, which served as neutron flux monitors using
the well known Au reference cross section [19]. During
the activations the samples were placed completely inside
the neutron cone in contact with the neutron target at
the position of highest flux. The relative isotope abun-
dance ratios adopted from Ref. [20] are 48.268(214) for
64Zn, 19.024(82) for 68Zn and 0.631(6) for 70Zn.
TABLE I: Zn samples and irradiation parameters.
Activation Sample Mass Diameter Irradiation Integrated
(mg) (mm) time (min) flux (×1013)
I Zn-1 409.19 12 174 1.12 (4)
II Zn-1 409.19 12 2640 14.2 (5)
III Zn-2 181.71 8 1182 7.4 (3)
IV Zn-3 800.72 12 1242 4.9 (3)
Activation times were chosen between 3 and 44 h ac-
cording to the half lives of the various product nuclei
and to test the respective time-dependent corrections ap-
plied in data analysis. The integrated flux values listed
in Table I correspond to average fluxes between 0.6 and
1.1 × 109 s−1, depending on the performance of the ac-
celerator and of the Li target.
C. Induced activities
The induced activities are characterized by energetic
γ-ray lines. The corresponding decay data are listed in
Table II.
The higher activities of the gold foils were measured
with a well calibrated, passively shielded 76 cm3 HPGe
detector with 1.7 keV resolution at 1.33 MeV γ-ray en-
ergy and a relative efficiency of 30%.
The Zn activities were counted with two Clover type
HPGe detectors facing each other in close geometry.
Each Clover detector (Eurisys Measures) consists of four
independent n-type Ge crystals in a four-leaf clover ar-
rangement with 0.2 mm gaps in between. The originally
cylindrical crystals 50 mm in diameter and 70 mm in
length are shaped as shown in Fig. 1, leaving an active
volume of about 145 cm3 per crystal. The crystals are
held from the rear through a steel rod 1 mm in diameter
and about 35 mm in length and are enclosed in a common
cryostat. The front end of the crystals is separated by a
gap of 5 mm from the 1 mm thick aluminum window.
70 mm 70 mm
91 mm 91 mm
82 mm
sample
35 mm
3 mm
FIG. 1: Schematic view of the HPGe spectrometer consisting
of two Clover-type detectors in close geometry.
The individual Ge crystals have a resolution of typi-
cally 2.0 keV at 1.33 MeV. At 122 keV, the peak-to-total
ratio is ∼45. The detector can be operated either in
single mode by considering the signals from each crystal
independently or in calorimetric mode, when coincident
signals from different crystals are added off-line. In this
way Compton-scattered events can be restored in the sum
spectrum if the scattered photon is detected in one of the
neighbouring crystals, resulting in a significantly higher
full-energy-peak efficiency.
In both setups, the counting position could be repro-
duced within 0.1 mm by means of special adapters. This
4TABLE II: Decay properties of the product nuclei.
Product Half-life γ-Ray energy Intensity Ref.
nucleus (keV) per decay (%)
65Zn 243.93(9) d 1115.539(2) 50.04(10) [21]
69Znm 13.76(2) h 438.636(18) 94.8(2) [22]
71Zng 2.45(10) min 910.3(1) 7.84(64) [23]
71Znm 3.96(5) h 487.30(4) 61.2(23) [23]
198Au 2.69517 (21) d 411.80205 (17) 95.62(6) [24]
feature was crucial for obtaining a well defined efficiency,
especially for the close geometry of the two Clover detec-
tors.
Examples for the accumulated γ spectra are shown in
Fig. 2 for the 1115 keV line in the decay of 65Zn, for the
487 keV line from 71Znm and for the 910 keV line from
71Zng. .
The efficiency of the Clover setup was determined with
a set of point-like calibration sources (22Na, 54Mn, 60Co,
65Zn, 88Y, 131Ba, 137Cs) complemented by a detailed
Monte-Carlo simulation using a full model of the setup
as sketched above. These simulations were particularly
important for determining the efficiencies in the calori-
metric mode, which was used for the 910 keV transition
in the decay of 71Zng. The absolute efficiencies for the
two detection modes of the Clover setup are compared in
Fig. 3. A detailed description of the simulations and the
calibration procedure is given in Ref. [25].
The simulations provided also the small corrections
to the measured peak detection efficiency values for the
point-like calibration sources (ǫγ). These corrections,
which are listed in Table III, refer to the actual diam-
eter of the samples (Kext), to γ-ray absorption in the
sample (Kabs), and to the possible summing of cascade
transitions (Ksum).
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FIG. 2: (Color online) Examples for the γ-ray spectra mea-
sured after the irradiations. Shown are from top to bottom
the decay lines of 65Zn at 1115 keV (a), 71Znm at 487 keV
(b), and the very weak line from 71Zng at 910 keV (c). The
spectra of the eight individual crystals in the HPGe Clover
detectors are plotted together with the respective sum. The
calorimetric mode was used only in case (c) for improving the
signal/background ratio.
5TABLE III: Efficiencies and correction factors compared to
ideal point-like sources for the Clover setup in single mode.
Only the data for the 910 keV line of 71Zng are treated in
calorimetric mode.
Product Eγ ǫγ Sample Kext Kabs Ksum
nucleus (keV)
65Zn 1115 0.0829 Zn-1 0.9894 0.9877 1.0011
Zn-2 0.9956 0.9836 1.0006
Zn-3 0.9884 0.9772 0.9978
69Znm 439 0.1863 Zn-1 0.9901 0.9794 0.999
Zn-2 0.9938 0.9783 0.9991
Zn-3 0.9906 0.9592 0.9994
71Znm 487 0.1688 Zn-1 0.9907 0.9808 0.8577
Zn-2 0.9949 0.9808 0.8655
Zn-3 0.9924 0.9606 0.8536
71Zng 910 0.1547 Zn-1 0.9955 0.9847 0.963
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FIG. 3: (Color online) Comparison of the γ-ray efficiency of
the Clover setup for the two detection modes. The symbols
show simulated efficiencies for the γ-rays emitted in the decay
of 65Zn, 69Znm, 71Znm and 71Zng, respectively. The lines
represent a fit of the function ε(E) = a ·Eb to the simulated
values. The efficiency in calorimetric mode is on average a
factor of 1.45 increased compared to the single mode.
6III. DATA ANALYSIS
A. Half-life of 71Znm
The induced activities were followed in time steps of
30 min to exclude parasitic activities, which might have
contributed to the characteristic γ lines listed in Table
II. The time sequence obtained for 71Znm showed a sig-
nificant deviation from what was expected from the rec-
ommended half life of trec
1/2 = 3.96(5) h [23]. This value
represents a weighted average of measurements, which
were performed about 50 years ago using different tech-
niques to produce 71Znm and observe its decay [26–28]
(see Table IV).
TABLE IV: Half-life of 71Znm. The two left columns summa-
rize the values of previous measurements and their weighted
average, the recommended value by [23]. In comparison, the
two right columns show the results obtained in this work from
the decay curves of three γ transitions in 71Ga and their
weighted average (w.a.). The uncertainties correspond to one
standard deviation.
literature values this work
Ref. t1/2 (h) Eγ (keV) t1/2 (h)
[26] 3.92(5) 386 4.142(9)
[27] 4.0(1) 487 4.117(12)
[28] 4.1(1) 620 4.098(15)
w.a. [23] 3.96(5) w.a. 4.125(7)
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FIG. 4: (Color online) Measured decay curves of 71Znm for
three γ transitions in 71Ga including a fit to the data, see
Table IV. The error bars are smaller than the symbols. The
given value of t1/2 = 4.125(7) h is the weighted average de-
rived from the shown decay curves. It differs significantly
from the previously recommended half-life of 3.96(5) h [23].
The decay curves based on the γ transitions with en-
ergies of 386, 487, and 620 keV in 71Ga are shown in
Fig. 4 for about seven half-lives of 71Znm. The activity
was followed for more than ten half-lives until no signif-
icant signals above background could be detected. The
weighted average derived from a fit to these decay curves
results in new half life of 4.125(7) h with a significantly
improved uncertainty compared to the previously recom-
mended value [23].
Combining this new result with the former values as
listed in Tab. IV yields a weighted average of 4.120(7) h.
Only with this revised half life the deduced cross section
for the reaction 71Znm became independent of the time
interval chosen for the activity determination. This was
impossible to achieve using the previously recommended
half life [23].
B. Cross section determination
The total number of activated nuclei A is given by
A = φN σ fb (1)
where φ is the time integrated neutron flux, N the num-
ber of sample atoms, and σ the spectrum averaged neu-
tron capture cross section. The factor fb accounts for
variations of the neutron flux and for the decay during
activation.
The number of activated nuclei in Eq.(1) is determined
from the number of counts in a characteristic γ-ray line,
Cγ = AKγ εγ Iγ (1 − exp(−λtm)) exp(−λtw) (2)
where Kγ combines the correction factors listed in
columns 5 - 7 of Table III, εγ the efficiency of the HPGe-
detection system, Iγ the line intensity, tw the waiting
time between irradiation and γ-spectroscopy, and tm the
duration of the activity measurement.
The time-integrated flux at the sample position, φ, is
determined from the intensities of the 412 keV γ-ray line
in the spectra of the gold foils [29],
φ =
φ1 + φ2
2
(3)
with
∆φ =
φ1 − φ2
4
. (4)
The neutron flux seen by the gold samples follows from
the number of 198Au nuclei,
φ =
N198
N197 σ fb
(5)
where the correction fb accounts for the fraction of
198Au
nuclei that decayed already during the irradiation [15].
The spectrum-integrated 197Au(n, γ) cross section is ob-
tained by folding the corresponding neutron spectra,
which were calculated with the code PINO [30] (Fig. 5)
with the differential 197Au(n, γ) cross section of Macklin
[31] normalized to the value for kT = 25 keV of Ratynski
and Ka¨ppeler [19].
The integrated flux values determined by the gold foils
and the corresponding average seen by the Zn samples
are given in Table V for the activation runs I-IV.
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FIG. 5: (Color online) Simulated neutron spectra for the
two sample diameters in comparison with the spectrum of
Ref. [19]. The simulated spectra contain a weighting factor
for neutrons emitted at larger angles with respect to the in-
coming proton beam, which is not included in the experimen-
tal spectrum of [19]. Details of the simulations can be found
in [30].
TABLE V: Integrated neutron fluxes (in units of 1013) and
activation times ta.
Run φ1 φ2 φsample ta (h)
I 1.20 1.05 1.12 ± 0.04 2.9
II 15.2 13.2 14.2 ± 0.5 44.0
III 7.9 6.8 7.4 ± 0.3 19.7
IV 5.5 4.4 4.9 ± 0.3 20.7
C. Uncertainties
The experimental uncertainties are summarized in Ta-
ble VI, where the investigated reactions are indicated by
the respective product nuclei.
Significant contributions to the overall uncertainty
originate from the gold reference cross section, the ef-
ficiency of the HPGe detectors, and the time integrated
neutron flux. The 70Zn cross sections are also affected by
uncertain γ-decay intensities. Any improvement of these
data would, therefore, be important.
Because statistical uncertainties were found to be prac-
tically negligible after averaging the results from repeated
activations, the final uncertainties are determined by sys-
tematic effects. Only in case of the partial cross section
to the ground state of 71Zn, the counting statistics was
not sufficient for achieving an adequate accuracy of the
final result.
TABLE VI: Compilation of uncertainties.
Source of Uncertainty Uncertainty (%)
Au 65Zn 69Znm 71Zng 71Znm
Gold cross section 1.5 - - - -
Number of nuclei 0.1 0.5 0.4 0.9 0.9
Time factors, fi, t1/2 0.1 0.2 4.0 1.3
Self-absorption, Kγ 0.2
Detector efficiency, ǫγ 1.5
γ-Ray intensity, Iγ 0.06 0.2 0.2 8.2 3.8
Time integrated flux, φ - 1.5 1.5 2.5 2.4
Counting statistics 0.7 0.9 13 0.8
Total uncertainty - 2.8 2.8 16 5.1
8IV. RESULTS
A. Measured cross sections
Table VII shows a summary of the results obtained in
all four activations together with the corresponding un-
certainties. In spite of the variation of the experimental
parameters (see Table I), the results are all consistent
within the estimated uncertainties, thus confirming the
procedures applied in data analysis. These variations in-
cluded different sample sizes and masses to verify the
corrections for finite size and self shielding effects as well
as different irradiation times to control uncertainties due
to the half-life of the respective product nucleus.
TABLE VII: Activations, γ-spectroscopy, and cross section
resultsa.
Activation γ-Ray energy Cross section Mean value
(keV) (mb) (mb)
64Zn(n, γ)65Zn
I 1115.5 54.5±2.1
II 1115.5 54.7±2.2
III 1115.5 52.7±2.2
IV 1115.5 52.6±3.0 53.5±1.5
68Zn(n, γ)69Znm
I 438.64 3.27±0.13
II 438.64 3.38±0.14
III 438.64 3.25±0.14
IV 438.64 3.31±0.19 3.30±0.09
70Zn(n, γ)71Zng
I 910.27 4.18±0.67 4.18±0.67b
70Zn(n, γ)71Znm
I 487.38 6.69±0.40
II 487.38 7.46±0.43
III 487.38 6.39±0.37
IV 487.38 6.75±0.47 6.79±0.34
aCross section averaged over quasi-stellar spectrum.
bOnly activation I could be considered, all other activations
lasted too long.
Previous (n, γ) cross section data for the investigated
isotopes 64,68,70Zn are rather limited [10, 32]. For 64Zn
as well as for 68Zn, there is only a single measurement
based on the time-of-flight (TOF) method. In both cases,
uncertainties of 10% have been reported [33, 34]. The
partial cross section to the isomer in 69Zn has been stud-
ied once [35] and was quoted with an uncertainty of 25%,
whereas there are no experimental results for 70Zn at all.
As illustrated in Table VII, these uncertainties could
be substantially improved. The numerical cross section
data are compared for the MACS values in the following
section.
B. Maxwellian averages
The values listed in Table VII represent average cross
sections for the experimental neutron distribution used in
the irradiations. Though the experimental spectrum cor-
responds in very good approximation to a thermal spec-
trum for kT = 25 keV, the cut-off at 106keV requires
a small correction, in particular if the investigated cross
section exhibits a different energy dependence than the
gold reference cross section.
For the calculation of the final MACSs
〈σ〉kT = 〈σv〉
vT
=
2√
π
∫∞
0
σ(En)En exp(−En/kT ) dEn∫∞
0
En exp(−En/kT ) dEn
(6)
the correction was obtained by normalizing the differ-
ential (n, γ) cross sections, σn,γ(En), e.g. from the-
oretical calculations with the Hauser-Feshbach (HF)
statistical model [36] or from evaluated data libraries
(http://www-nds.iaea.org/), with the new experimental
values. Apart from the normalization factor 2/
√
π from
the definition of the MACS in Eq. 6, these corrections
are between 3% and 5%.
The normalized energy-dependent cross sections can
also be used for extrapolation to other temperatures as
shown in Table VIII. The data from the compilation of
Refs. [10, 37] are listed before and after normalization to
the present results for kT = 25 keV
MACS values are commonly compared at the standard
thermal energy of kT = 30 keV (Table VIII). The value
for 64Zn is about 12% lower than the MACS based on
previous TOF data [33], but the uncertainty could be
reduced by a factor of 2.5. In case of 70Zn, the sum
of the partial cross sections is considerably smaller than
the previously compiled value that had been obtained by
an HF calculation and an additional empirical correction
factor [10]. The factor of two difference found for the
70Zn cross section, which had been inferred from purely
theoretical HF predictions [36, 38–41], is reflecting the
uncertainty of the HF approach in this mass region.
9TABLE VIII: MACSs of 64Zn and 70Zn compared to the compilation of Bao et al. [10].a Since only the partial cross section of
68Zn(n, γ69Znm was measured here, only the total MACS of 68Zn from [10] is given.
MACS (mb)
kT (keV) 5 10 15 20 25 30 40 50 60 80 100
64Zn(n, γ)65Zn
Ref. [10] 139 108 88 75 66 59±5 52 47 44 40 38
Ref. [10]∗ 123 95.9 78.2 66.6 58.6±1.7 52.4±1.7 46.2 41.7 39.1 35.5 33.7
68Zn(n, γ)69Zn
Ref. [10] 331 238 197 174 153 139±6 121 113 102 87 79
70Zn(n, γ)71Zn
Ref. [10] 57 38 30 26.3 23.5 21.5±2 18.7 16.9 15.5 13.7 12.5
Ref. [10]∗ 28.4 18.9 14.9 13.1 11.7±0.8 10.7±0.8 9.3 8.4 7.7 6.8 6.2
a For comparison with measured cross section values in Table VII multiply with
√
π/2
∗ Normalized to the measured value.
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V. ASTROPHYSICAL IMPLICATIONS
Fig. 6 shows the s-process path in the region around
zinc. There are two potential branchings in the reaction
flow affecting the production of the important s-only nu-
cleus 70Ge. The first branching bypassing 70Ge could
occur between β−-decay and neutron capture at 69Zn.
However this branching is not open, since the β−-halflives
of ground and isomeric state are too short (1 h and 14 h).
Therefore, 69Zn will always undergo a β−-decay before
capturing a neutron. The second potential branching
could occur between β−- and EC-decays at 70Ga. How-
ever, the EC-decays occurs only in 0.4% of all decays,
hence the branching can be neglected. This means, the
s-process path is not even partly bypassing the s-only
nucleus 70Ge, hence 70Ge is a well suited normalization
point between s-abundance and solar abundance. On the
other hand, the s-process path is completely bypassing
70Zn, which makes it an r-only nucleus.
stable isotopes
β-
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63 64 65 66
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Zn
Ga
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FIG. 6: (Color online) s-process reaction network in the re-
gion around Zn.
The s process in the zinc region was investigated using
the nucleosynthesis code NETZ [42]. The information on
the respective stellar scenarios, i.e. the effective time
dependent profiles for temperature, mass density, and
neutron density in the considered burning zones were
adopted from [4, 43]. The cross sections used are the
latest recommended values from the KADoNiS database
[32], which followed the compilation of [10].
The most important change in the abundance distribu-
tion of the weak s process results from the new, reduced
neutron capture cross section of 64Zn. The comparison of
the overabundance factors in Fig. 7 shows that the abun-
dance of 64Zn is increased by 11%, while most of the
heavier elements up until mass 90 are slightly less pro-
duced because of the aforementioned propagation effect
that is typical for the conditions of the weak s process.
This effect reflects the fact that the local equilibrium of
the s-process is not reached during the conditions of the
weak s-process component.
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FIG. 7: The effect of the new 64Zn for the overproduction in
the weak s process. 70Ge is used as a normalization point of
the s-process abundances. Because 70Zn is bypassed during
the weak s-process, its strongly reduced cross section has no
significant impact. This holds true also for the neutron rich
isotopes of germanium and selenium (76Ge, 82Se).
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VI. SUMMARY
The neutron capture cross sections of 64Zn, 68Zn, and
70Zn have been measured with the activation technique
in a quasi-stellar neutron spectrum corresponding to a
thermal energy of kT = 25 keV. Samples of natural iso-
topic composition have been used.
By a series of repeated irradiations with different ex-
perimental conditions, the 64Zn(n, γ)65Zn cross section
was determined to 53.5±1.5 mb and the partial cross sec-
tion 68Zn(n, γ)69Znm feeding the isomeric state in 69Zn to
3.30±0.09 mb for the experimental spectrum. Values of
6.79±0.34 mb and 4.2±0.7 mb were found for the partial
cross sections of 70Zn(n, γ)71Znm and 70Zn(n, γ)71Zng,
which had not been measured so far.
The half-life of 71Znm could be determined to
4.125±0.007 h, with a significantly improved accu-
racy compared to the previous recommendation. The
weighted average of the combined data yields a value of
4.120±0.007 h.
Compared to previous measurements on 64,68Zn, the
uncertainties could also be significantly improved, while
the 70Zn cross section was found two times smaller
than existing model calculations. From these results
Maxwellian average cross sections were determined be-
tween 5 and 100 keV.
The consequences of these data have been studied by
network calculations based on the temperature and neu-
tron density profiles for convective core He burning and
convective shell C burning in massive stars. These sim-
ulations of the weak s process reveiled that only the
change of the 64Zn(n, γ)65Zn cross section results in sig-
nificant abundance changes compared to the previous set
of MACS values. The other cross sections have much
smaller impact because the MACS of 68Zn did not change
and 70Zn lies outside the main path of the weak s-process
component.
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